Evidence has accumulated showing that active oxygen species participate in at least one stage of tumor promotion. Tumor promoters can induce various types of cells to undergo processes that result in formation of active oxygen species. They stimulate polymorphonuclear leukocytes (PMNs) to undergo an oxidative burst that is characterized by rapid formation of * 0 -and H202. We find that in vitro formation of H202 by tumor promoter-activated PMNs correlates with their in vivo first-stage promoting activity. Moreover, two thymidine derivatives are formed in DNA coincubated with tumor promoter-stimulated PMNs: 5-hydroxymethyl-2 '-deoxyuridine (HMdU) and thymidine glycol (dTG). The amounts of HMdU and dGl formed correlate with the first-stage tumor-promoting potencies of the agents used for PMN stimulation and with the amount of H202 generated. We find that HMdU is also formed in the DNA of HeLa cells coincubated with 12-0-tetradecanoylphorbol-13-acetate (TPA)-activated PMNs, with the amount of HMdU being proportional to that of TPA used. Even in the absence of PMNs, HMdU is increasingly formed in cellular DNA with increased TPA concentration, although at much lower levels than in the presence of PMN&s When rat liver microsomes are incubated with benzo[a]pyrene (BaP), a complete carcinogen, H202 is also generated. Production of H202 increases linearly with increasing concentrations of BaP. Furthermore, HMdU is formed in DNA exposed to BaP-treated microsomes, and its formation is ithibited by catalase. These results suggest that carcinogen-induced processes generating H202 are associated with the first-stage promoting activity of complete carcinogens.
Introduction
It has been well established that the tumor-initiating properties of carcinogens correlate with the formation of certain types of adducts with DNA bases (1) (2) (3) (4) (5) . However, the mechanism of tumor promotion is not as yet clearly understood. In the last decade, a hypothesis of the multistage process of promotion proposed by Boutwell (6) has received experimental support. As of now, there seem to be two recognizable stages of promotion followed by progression from papillomas to the malignant tumors (7) (8) (9) (10) (11) (12) .
It has been assumed for many years that modification of the genetic material occurs only at the initiation stage. However, more recent evidence shows that if the so-called first-stage promoters are applied either after, or even before, an initiating agent and used in small enough amounts so as not to cause formation of tumors, tumor growth can be induced by application of the second-stage promoters weeks later (9, 11) . These findings suggest that the firststage promotional processes first-stage promotional event(s)? What processes result in the formation of those modifications? An analysis of recent publications shows that tumor promoters induce cellular changes that lead to DNA damage and that active oxygen species generated as intermediates are responsible for this damage (13) (14) (15) (16) (17) (18) (19) .
Activation of Polymorphonuclear Leukocytes
It is quite well known that polymorphonuclear leukocytes (PMNs) can be activated by tumor promoters and that such activation leads to formation of large amounts of active oxygen species in a process that is often referred to as an oxidative burst (20) (21) (22) (23) . A normal function of PMNs, cells which take part in the inflammatory and immune responses, is to recognize, phagocytize, and destroy foreign objects such as bacteria and other opsonized particles. When these cells are activated by nonphagocytic stimuli such as tumor promoters, large amounts of generated active oxygen species are free to interact wvith the neighboring cells and impart their damaging effects on the cellular macromolecules, including DNA. Regardless of the type of stimuli used, the elicited burst is characterized by a rapid consumption of oxygen followed by the almost concomitant production of superoxide anion radicals K FRENKEL ( O2) (23) (24) (25) . These radicals can dismutate both spontaneously and enzymatically to hydrogen peroxide (H202), which is the immediate precursor of the actual bacteriocidal species that include hydroxyl radicals (* OH), hypochlorite ions, and singlet oxygen ( Fig. 1) (23) (24) (25) (26) . H202 is the only one of the active oxygen species generated that is capable of easily crossing cellular membranes and of getting into the nucleus (23, 27) . Other species need either the presence of anion channels or are too reactive to migrate through the membranes.
It has been known for some time that active oxygen species generated by phagocytic cells, both PMNs and macrophages, induce formation of DNA strand breaks in coincubated cells (13, 14) . Formation of these strand breaks could be prevented by catalase, which points to H202 as the oxygen species responsible for this type of DNA damage. Because H202 by itself cannot interact with DNA, another species derived from it must be the ultimate damaging agent (27, 28) . It was shown that sister chromatid exchanges induced by H202 can be prevented by using o-phenanthroline, an iron chelator, which is capable of crossing cellular membra4es (29) . This finding proves that it is a transition metal ion-induced decomposition product of H202 that is responsible for DNA breaks. In the Absence of Plasma
In order to determine whether this hypothesis is correct, three tumor promoters were used (34): TPA, a complete tumor promoter with a potent first-stage activity (8, 12) ; Mez; and 12-0-retinoylphorbol-13-acetate (RPA). RPA is a predominantly second-stage promoter with a weak first-stage activity (8) , except in SENCAR mice where it is quite potent as the first-stage promoter (36) . As shown in Figure 2 , all three tumor promoters cause formation of increasing amounts of H202 as a function of tumor promoter when incubated with human PMNs at 370C for 30 min. Only 2.5 nM TPA is required to achieve maximal activation of PMNs (10 PM H202), whereas 5 nM Mez and 15 nM RPA are needed to obtain maximal levels of H202 (9.1 MM and 8.9 AM, respectively), which are lower than that caused by 2.5 nM TPA. TPA-activated PMNs produce up to 4 and 10 times more H202 than those activated by Mez Figure 3A . Thus, it is quite evident that TPA is the most active and RPA the least, whereas phorbol, a nonpromoting parent of TPA, is totally inactive in this assay. These findings show that formation of H202 by activated PMNs correlates with the in vivo first-stage tumor promoting potency of the agents used for that activation.
In the Presence of Plasma
Since a normal biological milieu of PMNs is serum, the same type of experiments were carried out in the presence of 10% autologous plasma containing all of the components of the blood except for the red and white blood cells (36) . As Figure 3B shows, the accumulation of H202 decreases significantly in the presence of plasma in the case of all three tumor promoters that were used. It is not known what causes that decrease. It could be an inhibition of H202 formation, as plasma contains some protease inhibitors, and we found that chymotrypsin-specific inhibitors decrease H202 formation by TPA-activated PMNs (37) . Such decrease in the accumulation of H202 could also occur when H202 interacts with some Fe-containing proteins. Catalase is present only in small amounts in serum and, therefore, should not have much influence. However, there are peroxidases (22, 38, 39) that may catalyze oxidation of certain components of serum, and such an occurrence could compete with the horseradish peroxidasemediated oxidation of phenol red, on which our assay is based.
Whatever the reason or combination of reasons for the decrease in the accumulation of H202, that inhibition occurs regardless of which tumor promoter is used for the activation of PMNs. However, the degree of that inhibition differs, being the highest for RPA, followed by Mez, and lowest for TPA. This is most apparent at 10 min incubation time in the presence of plasma at which there is no detectable H202 in the case of RPA as the PMN activator ( Fig. 3B ), whereas there is 1.6,M H202 formed in the absence of plasma (Fig. 3A) . Mez-activated PMNs decrease production of H202 20-fold in the presence of plasma; TPA-activated cells decrease production by only 10-fold. At 20 min incubation time, the effect of plasma is smaller, but there is 6-fold inhibition in the case of RPA, 5.5 with Mez, and 4 with TPA. At 30 min incubation, that decrease is 6-, 3-, and 2-fold for RPA, Mez, and TPA, respectively.
The differences in the degree of inhibition would favor the hypothesis that it is the inhibition of H202 formation by some plasma components which plays a major role in the apparent decrease in H202 accumulation. Tumor promoters would have to overcome this inhibition, and the ability to do so may depend on the potency of those promoters. These findings show that even in the presence of plasma, the differences in the ability to activate PMNs among these tumor promoters not only remain but are even more pronounced, and that again TPA is the most effective, whereas RPA is the least effective of the three-the same order of activity as in vivo. whether active oxygen species generated by tumor promoter-activated PMNs are capable of causing modification of DNA bases. To achieve this goal, DNA prelabeled with [6-3H] thymidine (40) was coincubated with tumor promoter-stimulated PMNs. DNA was then enzymatically digested to 2'-deoxyribonucleosides, which were analyzed by HPLC on the reverse-phase column in the presence of various thymidine derivatives as markers. These types of markers were used because thymine moiety is known to be the most susceptible of the DNA bases to the ionizing radiation-induced DNA damage (28, 41) . Since that damage is known to be mediated through the action of * OH, it seemed likely that active oxygen species generated by the stimulated PMNs will also cause the same type of damage. Indeed, two thymidine derivatives, 5-hydroxymethyl-2 '-deoxyuridine (HMdU) and thymidine glycol (dTG) (Fig. 4) were identified in DNA that was exposed to the activated PMNs (34, 42, 43) .
TPA-Induced PMN Activation
In the Absence ofPlasma. As Table 1 HMdU, increased amounts of generated * OH caused a relatively small increase in dTG, followed by a decline. What we found eventually was that * OH generated by Fe2 + -reduced H202 not only causes formation of dTG but its decomposition as well, whereas HMdU is not susceptible to such decomposition (43) .
In the Presence ofPlasma. Another unexpected result was a great enhancement of thymine oxidation in the presence of autologous plasma. Human blood serum is known to contain free radical scavengers and antioxidants (38, 39, 44) , and therefore a decrease in DNA damage was anticipated. Instead, the results of four experiments (Table 1) show that plasma increases levels of HMdU by 65 to 1800 times. The divergence of the results is not that unexpected because the content of human serum varies even within the same individual depending on the food intake and the presence of vitamins such as A, C, and E, among other factors.
We also have found that levels of H202 generated vary, not only among individuals but also among samples of PMNs from the same individual but obtained on different dates (34 (45) (46) (47) (48) . In addition, HMdU is mutagenic in bacterial and mammalian cells, and its mutagenic effects are comparable in many ways to those caused by ionizing radiation (49) . Thus, it is likely that HMdU is among those modified bases that are responsible for the heritable effects of the first-stage tumor promoters. It is difficult to predict whether dTG may also be responsible for the heritable changes because it is known to provide a replication block (50, 51) and, thus, may constitute a lethal rather than a mutagenic lesion. However, since dTG gives rise to a number of the decomposition products (Fig. 4 aFe/EDTA (0.1 mM/0.4 mM) was added to human PMNs (1 x 106/mL) that were pretreated with TPA, Mez, and RPA (25 nM) at 370C for 15 min and incubated together for an additional 45 min. DNA was isolated and analyzed as described in the legend to Fig. 5 .
more reliable marker of the two because it is not susceptible to further destructive interaction with OH as is dlT (43) .
Because autologous human plasma has such a profound effect on the formation of oxidized thymines by TPAactivated cells, the same type of experiments were undertaken using Mez and RPA. Figure 5 shows that when the same PMN preparations are used in order to minimize the influence of the inherent variability, again, as in the case of H202 formation, TPA is the most and RPA is the least effective in the formation of HMdU and dTG. A comparison of this figure with Figure 6 shows that HMdU is indeed formed and that its formation is dependent on the amount of TPA used for the activation of cells. This figure also shows that a certain amount of HMdU is formed in HeLa cells incubated with TPA in the absence of PMNs. HMdU is fonned in the DNA of HeLa cells in increasing amounts with the increased concentration of TPA, until TPA is too toxic to the cells, as determined by trypan blue exclusion (Fig. 7) . This finding is very important because it shows that even in the absence of an exogenous source of H202 such as PMNs, tumor promoters can induce intracellular formation of active oxygen species. Such oxidative activation of cells results in the modification of DNA bases, formation of which can be enhanced by the action of stimulated phagocytic cells.
I-03 la 20 TPA/106 cells ( pmoles) FIGURE 6 . Formation of HMdU in DNA of HeLa cells prelabeled with [6 3Hlthymidine (40) through the action of TPA-activated PMNs. Each sample (+PMNs) and control (-PMNs) was incubated at the same time at 370C for 2 hr. DNA was isolated, enzymatically digested to 2'-deoxyribonucleosides, and analyzed by HPLC and microderivatization (40, 43) . Reprinted from Frenkel and Chrzan (19). One of the major functions of PMNs is to generate active oxygen species in order to combat infections (23) (24) (25) ; however, these oxygen species are known to cause extensive damage to the neighboring tissues, particularly when formed in excessively large amounts or in the absence of the natural stimuli such as bacteria or other particles Such conditions occur during wounding and inflammation. Both cause vasodilation that leads to infiltration of PMNs and diffusion of plasma to the affected areas (23) , and both are known for their co-carcinogenic effects (55) (56) (57) . It has been shown that catalase prevents cellular injury caused by H202 derived from TPA-activated PMNs (58, 59 ) and that mice with low levels of catalase have an increased incidence of duodenal cancer (60) . We recently have found that catalase also inhibits formation of HMdU and dTG in DNA exposed to TPA-stimulated PMNs (19 Our results show that P-450 reductase activity is about the same in both strains of rats regardless of whether they were preinduced with 3MC or not, which is in agreement with the findings of others (70) . Thus, it is not unexpected that the leveI of H202 produced are also similar. Since H202 can cause oxidative DNA damage in the presence of iron ions (43), we next examined DNA coincubated with BaP treated microsomes for the presence of HMdU and dTG (69) .
BaP-Induced HMdU Formation by

Microsomes
It previously was estimated that the oxidative damage to the DNA of BaP-treated cells is about 20-fold higher than formation of adducts with DNA bases (65) . Recently, it was found that thymine glycol is a part of that oxidative damage (71) . That formation of oxidized bases may be a more general result of treatment with complete carcinogens is shown by the presence of thymine glycol in the DNA of cells incubated with N-hydroxy-2-naphthylamine (71) and of 8-hydroxyguanine in cells treated with 4-nitroquinoline-N-oxide (72) . In addition, thymine glycol is found in cells that are subjected to UV radiation (71), whereas thymine glycol, 5-hydroxymethyluracil, and 8-hydroxyguanine are present in ionizing radiationtreated cells (40, (73) (74) (75) (76) (77) .
We find that incubation of microsomes obtained from 3MC-induced rats with BaP causes an increase in HMdU formation as compared to DNA incubated in the absence of BaP (Table 3) . Amounts of HMdU formed decreased significantly when catalase was present in the incubation mixture containing BaP to levels well below those formed in the absence of the hydrocarbon. This last finding proves that H202 is necessary for the formation of HMdU in coincubated DNA. As Table 3 shows, even in the absence of BaP there is a substantial amount of HMdU formed in DNA. H202 is also formed, although at an order of magnitude lower than in the presence of BaP. This points to the normal processes of microsomes as being responsible for the background oxidative damage. These findings are in agreement with those of Totter (78), who postulated that oxidative damage caused by normal oxygen metabolism is responsible for the occurrence of spontaneous cancers. He further suggested that these types of cancer are the result of the same primary DNA defects as those formed by ionizing radiation. As we know, oxidized DNA bases such as HMdU and dTG formed in DNA by intraor intercellularly generated active oxygen species (19, 34, 42, 43, 71) are also formed through the action of ionizing radiation (40, (72) (73) (74) (75) (76) 79 
Conclusions
Two questions were raised in the "Introduction." The answer to the first question is that formation of oxidized bases in DNA and/or their degradation products most likely are responsible for the first-stage promotional event(s). The answer to the second question is that processes that lead to the formation of active oxygen species in the amounts exceeding the antioxidant capacity of the cells are probably responsible for the formation of the oxidative DNA damage. We show that tumor promoters in vitro can activate PMNs to varying degrees depending on their potency as the in vivo first-stage tumor promoters and, as a result, varying amounts of H202 are generated that correlate with those potencies. Consequently, oxidized bases such as HMdU and dTG are formed in coincubated DNA, the levels of which again correlate with the first-stage promotion. In addition, we show that a complete carcinogen such as BaP, which requires oxidative metabolism for its tumorigenic activity, is capable of producing oxidative DNA base modification. Inhibition of that modification by catalase implicates H202 as a mediator of such damage. The inability of pyrene, a noncarcinogenic (81) congener of BaP, to induce formation of H202 strengthens the hypothesis that active oxygen species generated by carcinogens are involved in the carcinogenic process(es). The ability of BaP to cause formation of HMdU and dTG, of an aromatic amine to induce formation of dTG, and of 4-nitroquinoline-N-oxide to cause formation of 8-hydroxy-2'-deoxyguanosine, all suggest that carcinogen induced processes generating active oxygen species are responsible for the first-stage promoting activity of the complete carcinogens.
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